In Europe, new legislation on environmental protection will probably require methods that reduce the emission of ammonia and odour from land spreading of animal slurry. Shallow injection (50}70 mm) of slurry is one of the methods recommended, albeit of higher cost than standard surface application techniques such as tanker broadcasting. The aims of this study were to investigate the agronomic e!ect of shallow injection of slurry into a growing crop, to examine the available information on the potential cost bene"ts of slurry}fertilizer utilization in the light of the new legislation and to determine the pollution impact of nitrate and ammonium leaching and ammonia and odour emissions. It was found that shallow injection of slurry into growing winter wheat during spring did not have a detrimental e!ect on the yield. Odour and ammonia emissions were reduced, nitrate and ammonium leachate levels were una!ected and it was of comparable cost to alternative application techniques that satisfy the requirements of the new legislation.
Introduction
Agriculture is recognised as the major source of ammonia emissions in the UK (MAFF, 1998) . New European legislation (Integrated Pollution Prevention and Control) aims to reduce ammonia emissions through implementation of abatement measures (EU, 1996) . In intensive animal production, the abatement measures promoted in the UK are injection of slurry or rapid incorporation after surface application, reduction in emitting surfaces within animal buildings (e.g. smaller slurry channels under slats), and covering of waste stores.
For these abatement techniques to be successful, it is of central importance that they are seen as a series of measures that aim to concentrate and contain ammonia in the slurry from its production to land application. The land application thus has to be of low-emission type and applied correctly. Bene"ts achieved from &upstream' abatement measures may otherwise be lost in this ultimate step, where ammonia losses of up to 65% have been reported (MAFF, 1999) . However, low-emission land application can put a considerable burden on the producer as it may necessitate short periods of intensive and somewhat specialized land application (e.g. injection and/or large machinery in order to handle the volume of slurry accumulated) in between long periods of storage.
Shallow injection of slurry (50}70 mm) into growing crops can overcome this burden because it can be performed over a long period during the early stages of crop growth. This may result in a reduction in necessary slurry storage capacity (Warner et al., 1990) . The utilization of slurry}fertilizer may be improved because slurry can be applied when crop nutrient requirements are at their maximum. A further reduction of ammonia and odour emissions may be achieved if the already small slurry surface after injection is reduced by use of special tines, for example tines that create a cavity into which the slurry is injected (Moseley et al., 1998; Godwin et al., 2000) . In other words, shallow injection of slurry into growing crops can achieve the reduction in ammonia emissions required by legislation, and at the same time may provide the farmer with a much enlarged &window' for application as well as savings in fertilizer cost. Whereas the emission abatement potential of shallow injection is well documented (Moseley et al., 1998; Pain et al., 1989; Lord & Mitchell, 1998) , the adoption of the technique in wider farming practices is more likely to be linked with its agronomic implications and ultimately with its cost. However, little information is available on the agronomic e!ects on arable yield. Published cost comparisons between slurry injection and surface application are based on commercial farm-scale economic models. The aim of this study was to address these issues. The speci"c aims were as follows.
(i) Assess the e!ect of shallow slurry injection on crop yield (winter wheat) and quality over two growing seasons.
(ii) Review the data published on the cost of slurry injection and re-interpret it in the light of the new requirement for rapid incorporation of slurry after surface application. (iii) Determine the e!ect of shallow slurry injection on the leaching of nitrate and ammonium into ground water, an aspect of pollution abatement that has not yet been reported for shallow injection of slurry into a growing crop. (iv) Determine the e!ect of shallow slurry injection on ammonia and odour emissions and to review odour measurement techniques.
Materials and methods

Site preparation
The 2-year experiment was conducted in the region of East Anglia on di!erent sites each year using autumn-sown winter wheat. The slurry for the experiment was taken from the fully slatted weaner accommodation of a 270-sow pig farm (farrow-to-"nish operation).
Slurry and mineral nitrogen fertilizer were applied to the growing crop in a block randomized plot design, as described in Table 1 . Slurry was applied in a single dressing by shallow injection and low-level surface application (Fig. 1) . The timing of the slurry injection was chosen to coincide with the application of mineral fertilizer on commercially operated farms (i.e. in line with the general agricultural practice in the area). The application was delayed in 2000 because of a wetter than average April (Fig. 2) . In 1999, slurry was applied at the maximum permitted rate of 50 m ha\ speci"ed by current UK guidelines (MAFF, 1998) . This rate in terms of total ammoniacal nitrogen (TAN"NH -N#NH -N) was equivalent to 150 kg [TAN] ha\ (Table 1) , a rate reported to result in maximum yield at minimal risk of pollution (Lord & Mitchell, 1998; Silgram & Lord, 1999) . In 2000, due to the di!erent composition of the slurry (from the same pig unit 1 year later), the equivalent rate was 77)4 kg [TAN] ha\. A single dressing of fertilizer was thus applied in order to make up the di!erence to 150 kg [TAN] ha\ (again in line with general agricultural practice, which would be to add mineral fertilizer rather than to inject twice). The slurry was applied with a modi"ed commercially available shallow injector (Moseley et al., 1998; Godwin et al., 2000) . The injector was supplied with slurry by hose from a tanker. The same injector was used for low-level surface application to simulate band spreading, with the tines operating at around 0)1 m above the soil surface. Mineral nitrogen fertilizer (34)5% w/w nitrogen; 17)3% w/w as nitrate-N and 17)2% w/w as ammonium-N) was applied in a single dressing at a rate of 150 kg [N] ha\ in both years.
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Fig. 1. Slurry injection into winter wheat in 1999
Monitoring and analyses
Leachate from the plots was collected with porous cups buried at 0)5 m depth in each plot. The leachate was analysed for nitrate and ammoniacal nitrogen by spectrophotometer (Phillips PU8730 UV}VIS, APHA, 1995) . The water tension of the whole experimental "eld area was monitored at 0)5 m depth with vacuum-gauge tensiometers. Figure 2 shows the weather conditions for the duration of the experiment as well as the dates of leachate collection and the corresponding water tension measured in the "eld. The weather data were measured with an automated weather station (Casella, Bedford, UK). After ripening, two 0)5 m by 0)5 m areas were harvested manually from each plot. The grain and straw harvested from each plot were analysed for weight, moisture content and total Kjeldahl nitrogen (MAFF, 1986).
Ammonia emission measurement
Ammonia emission from the "eld application of slurry was measured with hoods, which were installed on the plots immediately after slurry application (Fig. 3) . These hoods, originally developed by Scotford and Williams (2001) for measurement of ammonia emissions from slurry lagoons, were made of lacquered wood, covered an area of 0)5 m and had an inner height of 0)18 m. Ambient air was drawn through a 100 mm diameter pipe of 0)5 m length with an internal fan that was resting on top of the hood and was connected to the hood through a hole in its top. Air left the hood through a similar pipe (without fan) on the opposite site of the hood. The fan speed was set to result in a nominal air#ow above ground of 0)35 m s\. Ferm tubes (glass tubes coated with oxalic acid) (Sommer et al., 1996) were placed in the inlet and outlet pipes. Ammonia in the air passing through the pipes was absorbed by the oxalic acid, and the ammonia emission from the monitored soil was obtained from the di!erence between ammonia collected on the outlet and that collected on the inlet ferm tubes. The amount of ammonia absorbed in the ferm tubes was analysed photometrically.
Odour sample collection and analysis
Odour samples were collected from the outlets of the same hoods as used for the ammonia measurements. However, cost of odour analysis prohibited di!erential measurement, so that only the odour in the air leaving the hoods was analysed. In order to avoid interference from neighbouring plots, the inlet pipes of the hoods were connected to 6 m long #exible hoses. Odour samples were taken in pairs (one plot each with surface application and injection), and the #exible hoses were placed so that both hoods received inlet air from the same point upwind of the plots. Outlet air was sucked through a polytetra#uoroethylene (PTFE) tube into proprietary polyethyleneterephthalate (PET, Nalophan2+) bags. were placed into an airtight drum, which was evacuated by an external pump. The advantage of this method is that the sampled gas is not in contact with the pump, but is drawn directly into the sample bags. The samples were analysed in accordance with the European draft standard for odour analysis (CEN, 1998) . The laboratory repeatability and accuracy performance criteria during the experimental period were log repeatability r of 2)41 and accuracy A of 0)173, where the criteria (CEN, 1998) are r(3 and A(0)217.
Alternative odour assessment techniques
Increased public concern has led to a greater number of complaints about agricultural odour. In extreme cases, the current technique employed by environmental health o$cers uses odour panel testing of samples. This technique is time consuming, labour intensive and expensive. There exists a need for a cheaper, quicker and more objective means to measure odour. Alternative methods of assessing odour using two electronic noses, both based O. PAHL E¹ A¸. S Signi"cant di!erence at 75% con"dence level. R Signi"cant di!erence at 80% con"dence level.
Fig. 3. Ammonia emission equipment used to compare injection and surface treatments
A Signi"cant di!erence at 95% con"dence level.
on semi-conductor polymer arrays were considered by Misselbrook et al. (1997) . The electronic noses were sensitive to odour from cattle slurry, but were not suitable for in-"eld use.
During the odour sample collection for panel testing by Moseley et al. (1998) , Waine (1999) used a portable gas detector (MGD-1, Environics OY, Finland) to simultaneously collect odour data.
The portable gas detector works on the ion mobility principle described by Paakanen and Huttunen (1994) , where the gas sample (pumped at a constant #ow) passes a radioactive source that ionizes the gas. Next, the ionized gas moves through an electromagnetic "eld which de#ects the charged particles so that they land on di!erent parts of a six-segment sensor array according to their mass. Di!erent gas compositions lead to di!erent &time of #ight', changing the pattern of distribution on the sensor array. Higher concentrations give a larger cell unit output. Background air is used as a reference.
Results and discussion
Agronomy
In both years the agronomic results ( which had received mineral fertilizer showed a slightly higher yield than the plots which had received slurry by injection, but these results were not statistically signi"-cant. Grain quality was assessed by measuring the total Kjeldahl nitrogen. Grain protein content can be estimated (Kent, 1983) by multiplying the nitrogen content by 5)7 (as 100 g of gluten contains on average 17)55 g nitrogen). There was no quality di!erence between the di!erent fertilizer and slurry applications and the control grain was of lower quality. Di!erences in harvest index, the proportion of grain to total above-ground biomass were not signi"cant. The Kjeldahl nitrogen results also suggested that there was no di!erence in the availability of nitrogen to the plants between the di!erent fertilization methods as the harvested crop from the fertilized plots contained similar amounts of nitrogen, whereas the harvested crop from the control plots contained less nitrogen. However, the analysis of leachate from the plots suggested that all plots contained residual nitrogen (see Section 3.3), which may have masked the di!erences between the fertilizer treatments and caused the apparent similarity in nitrogen availability. The leachate analysis also showed that very little ammoniacal nitrogen was lost through leaching. So it can be assumed that all TAN contained in the slurry was available to the plants.
Economy
The additional cost of both low-level application and deep injection of slurry compared to tanker-broadcasting is well documented in the literature (Table 3) . It was calculated that nitrogen savings through low-emission application of slurry do not compensate for the additional cost (McGechan & Wu, 1998) . However, these calculations were based on the comparison between standard and low-emission application only. Legislation in the European Union (EU) (MAFF, 1997) is likely to necessitate incorporation of slurry within 4 h after broadcast application adding the cost of ploughing to the surface application. Thus, slurry injection is cost e!ective if the additional cost of incorporation after broadcast application of slurry is considered (Table 3) , and slurry injection is of similar cost to that of alternative emissionreducing application techniques.
Fertilizer savings are not included in the costing in Table 3 . In their study, McGechan and Wu (1998) calculated the fertilizer saving as 0)19 C m\ for deep injection compared with surface application, equating to an additional 0)37 C m\ for shallow injection over surface application, compared with the 0)62}0)82 C m\ additional cost of ploughing following surface application.
Besides the direct cost considerations, shallow injection of slurry into growing crop allows application of slurry almost throughout the year and thus allows application in the spring to coincide with plant nutrient requirements. Surface broadcasting and deep injection is limited to the times between harvest and drilling.
Another cost associated with injection of slurry, speci"cally into growing crop, is due to physical damage of the crop. Using a standard tractor most damage is caused by the tractor wheels. Low ground pressure &Terra-tyres' signi"cantly reduce the damage (Godwin et al., 1997) . Di!erences between slurry injection and alternative emission-reducing application techniques are therefore likely to be small, since they all require the use of tractors. This was con"rmed by the lack of signi"cant yield or quality di!erences between shallow injection and low-level application (Table 2 ). The fundamental decision as to whether to apply slurry during the growing season must be made based on a farm-speci"c analysis taking into account cost, time requirements, machinery availability and weather conditions. O. PAHL E¹ A¸. (1 n/a n/a Control 49)0 (1 n/a n/a Signi"cant di!erences between treatments* No n/a Yes No Signi"cant di!erences between treatments and control* No n/a n/a n/a *At 95% con"dence level. OU, odour unit. n/a, Not applicable.
Pollution abatement
3.3.1.¸eachate analysis
The results of the leachate analysis in both years (Table 4) show that shallow slurry injection did not lead to higher leaching of nitrate or ammonium than the other treatments or the control. Ammonium could not be detected in the collected leachate. A slightly di!erent pattern emerged for the concentration of nitrate found in the leachate. Again, no di!erence was detected between nitrate leaching from the plots with shallow slurry injection and those with other treatments and the control plots (Table 4) .
However, in 1999 the overall level of nitrate detected in the leachate was above 50 mg l\ and thus above the concentration that in a water supply would be considered safe for human consumption. These elevated levels of nitrate were surprising, considering that only 150 kg [TAN] ha\ had been applied. The detection of similarly raised levels of nitrate in the leachate from control plots, which had received no nitrogen fertilizer, revealed that the observed leaching of nitrate was not due to the amount or type of fertilizer application, but due to residual nitrogen in the soil, likely to be the e!ect of overfertilization in previous years. This interpretation was supported by the pattern of nitrate release (Fig. 4) , with around 100 mg l\ of nitrate found earlier in the year (February}March) but only 50 mg l\ by the end of the leachate collection period (April}May). In 2000, the early nitrates were very high, indicating high residual nitrogen; this pattern may also indicate the release of nitri"ed nitrogen built-up over autumn/winter, during the wet season. In both years had the nitrogen originated from the applied slurry, the nitrate release could have been expected to increase*rather than decrease*in line with increasing activity of nitrifying bacteria due to rising temperatures and diminishing soil water-saturation (better aeration).
Ammonia and odour emissions
Further to nitrate and ammonium leaching, the environmental considerations of pig slurry injection including the losses of ammonia through volatilization and the nuisance caused by odour emissions were evaluated in the year 2000 growing season.
There was a signi"cant di!erence between ammonia emissions of injection and low-level surface application (Table 4) in the "rst hour. Of the total ammonia applied (77)4 kg ha\), 16)6% was lost in 1 h after low-level surface application compared with 2)6% lost after injection (84% reduction). These results are consistent with Moseley et al. (1998) where ammonia emissions, the greatest losses in the "rst 2 h, were also reduced using shallow injection methods rather than surface application. (b) 2000; , injectio; , surfac; , mineral fertilizer; , control; , average Fig. 5 . Pig slurry odour measurements of the same xeld plots using (a) odour panel testing (Moseley et al., 1998) ; (b) MGD-1 portable gas detector (Waine, 1999); OU, odour units; LSD, least signixcant diwerence In this experiment in the year 2000 (Table 4) , there were no signi"cant di!erences between odour emissions from low-level application and injection. This was not expected as previous work of Moseley et al. (1998) [ Fig. 5(a) ] showed that odour emissions for pig slurry were lower with injection than with low-level surface application.
Originally, it was planned to use the commercially available injector in the 2000 season as its design was based on the prototype. Having completed the injection for the odour sampling, and observing greater disturbance and wider than expected slots, close inspection of the injector tine slurry delivery tube dimensions revealed di!erences between the prototype injector used by Moseley et al. (1998) , and the commercial injector (Fig. 6) . On the commercial machine the delivery tube was wider which resulted in a wider slot allowing greater odour emission (and ammonia emission) and the design of the wing, which had been optimized through soil bin testing was also altered. This demonstrated the need for the narrowest delivery tube commensurate with slurry #ow. The remaining ammonia emission and yield experiments were carried out using the prototype injector (as used in 1999).
Alternative Odour assessment techniques
Comparing the results of the odour panel testing [ Fig. 5(a) ] and the gas detection [ Fig. 5(b) ], the odour concentrations of the improved injector were signi"-cantly lower than above-ground treatments at the 85% level. The gas detector shows that all the treatment means are signi"cantly di!erent at 95% con"dence level, with no di!erence between the control and the injection.
The "ndings suggest that the gas detector is more sensitive to odour concentration changes than the odour panel assessment. Further advantages of the gas detector are that the apparatus was portable and readings could be assessed immediately in the "eld. 
Conclusions
The "eld experiments, based on the operation of a commercial pig unit, considered the agronomic, cost bene"t and pollution implications of shallow slurry injection compared with low-level surface application of slurry and broadcast of mineral fertilizer.
(1) Shallow injection of slurry into growing crops:
(a) had no detrimental e!ect on the yield compared to the use of mineral fertilizer or low-level application of slurry; (b) did not lead to increased levels of ammonium or nitrate leaching compared to application of mineral fertilizer and low-level slurry application; (c) is cost e!ective when compared to alternative low-level application or the combined cost of surface application and subsequent rapid incorporation, which is a requirement of UK environmental protection regulations; and (d) allows application of slurry during a much larger &window' than conventional techniques.
(2) Small changes in injector tine design can have a signi"cant e!ect on the e!ectiveness of odour prevention and ammonia emissions. Hence, the soil engaging delivery spout needs to be no more than 28 mm wide. (3) Portable ion mobility gas detectors o!er a good possibility for a rapid and cost-e!ective method for in-"eld measurement of agricultural odour.
